The understanding of the physical processes related to flows on compound meandering channels is a 9 challenge given their highly 3D and complex characteristics. Three-dimensional ADV measurements 10 were made in three cross-sections on a 1:20 physical Froude model of a real reach in River Mero (A 11 Coruña) for bankfull flow and flood conditions. General characteristics and processes within the flow 12 are herein described and characterized, such as momentum and mass exchange between the main 13 channel and the floodplains. Time-averaged velocities and Reynolds stresses are presented and 14 discussed. The spatial distribution of turbulence in several positions along a meander bend is 15 analyzed in this paper. The characterization of the turbulent field in these highly 3D complex flows 16 highly depends on the used reference system, and the intense local variation of turbulence makes a 17 global and fixed coordinate system of petty use. An independent technique, regardless the 18 coordinate system of the measurements, is thus the best way to analyse these flows. The anisotropy 19
Introduction 25
River management represents a challenge from an engineering, environmental and social point of 26 view. In particular, floodplains are among the most productive and diverse ecosystems in the world 27 due to the regular deposition of nutrient rich sediments (Viers et al. 2005) . The environmental value 28 of these ecosystems is unquestionable given their high biodiversity and their role on water 29 purification and on the fixation of soil and nutrients. Furthermore, floodplains can be seen as natural 30 systems providing food availability and flood protection. The capacity to act as a natural protection 31 against floods is conditioned and intrinsically related to the local hydrodynamics, erosion and 32 sedimentation processes and to the global resistance of the river reach. Flow properties, more 33 specifically related to turbulent phenomena, need a good physical understanding so engineers can 34 address such important issues such as flood management, morphology evolution and spreading of 35 pollutants in river flows (van Balen et al., 2010) . The physical processes underlying the formation of 36 meanders have been the subject of intensive and detailed research (i.e. da Silva, 2006 ; de Marchis 37 and Napoli, 2008; Stoesser et al., 2010) , although the theoretical developments taking into account 38 compound meandering channels are still scarce. 39
Compound meanders usually appear in the final, low reaches of rivers. Their hydrodynamics are 1 commonly characterized by the existence of two flow layers associated to the main channel and the 2 floodplains. The floodplain flow plunges into the main channel along the inner margin of the bend 3 and the water in the main channel is ejected towards the floodplain in the outer part of the curve 4 (Sellin et al., 1993) . Coherent vortices developed at the boundary between these two regions (Proust 5 et al., 2013) enable momentum exchange and induce extra friction of turbulent nature (Muto, 1997) . 6 Also, vertical vortices appear in the contact between main channel and floodplain (Sanjou and Nezu, 7 2009 ). Hence, the turbulent pattern is also characterized by a vertically two-layer structure around 8 the main channel-floodplain interface, as stated by Carling et al. (2002) . These turbulent processes 9 produce changes in the morphology of the channel bed, such as dunes and bars (Yalin, 2006 ) that 10 modify the flow dynamics. Their magnitude and orientation are directly related to the flow resistance 11 and sediment transport processes. 12
The flow in compound meandering channels is hence tridimensional, and reorientation occurs along 13 vertical and transverse directions. Some authors have analyzed the hydrodynamics of curved 14 channels (Blanckaert and de Vriend, 2005; Termini and Piraino, 2011, Abad et al., 2013 ) and straight 15 compound channels (Knight and Shiono, 1990; Koziol, 2013) . However, the experimental studies 16 focused on compound meandering morphologies are scarce (Shiono and Muto, 1998; Shiono et al., 17 2008 ) and refer to simplified sinusoidal channels. This work analyzes a river reach with real planform 18 and transversal morphology, geometry features that add complexity to the flow. 19 This paper is focused on a real case of a compound meandering reach in River Mero (A Coruña), 20 where natural bed irregularities and roughness heterogeneity add complexity to the hydrodynamic 21 pattern. Laboratory measurements are performed intensively in key cross-sections of a physical 22 scaled model of this river reach. The studied area is paradigmatic from a compound meandered 23 channel flows and real features were introduced in the scale model. A scale model of a real case, 24 although reduces the generalization of the research results, induces extra complexity which needs to 25 be adequately tackled. 26
The shear stresses and turbulence patterns are analyzed in detail. The existence of turbulent 27 structures with particular orientations may be related to hydrodynamic patterns, such as the 28 preferred flow direction, the existence of vortices in the shear layer formed between different water 29 masses or the presence of solid or hydrodynamic boundary conditions. 30
Reference frames based on the channel geometry may be too rigid to analyze flow features with this 31 degree of re-orientation and tridimensionality. Other systems, related for example to the local flow 32 velocity, can vary too much along the model (Mera, 2014 The objective of this paper is to characterize the hydrodynamics and the turbulence pattern in a real 1 compound meandering channel. This is accomplished by using the anisotropy invariants and the 2 quadrant analysis techniques. The preliminary application of this methodology to previous results in 3 some specific locations obtained in the same physical model can be found in Mera et al. (2012) . 4
2.
Theoretical framework 5 A first description of the flows studied in this paper is made by computing and analysing time-6 averaged velocities and Reynolds stresses. Standard Reynolds decomposition, followed by 7 application of time-averaged operators, implies the appearance of Reynolds stresses (extra sinks) in 8 the momentum conservation equations which are later shown and commented in this document. 9
By far less common on the analysis of fluvial flows is the use of the so-called Lumley triangle 10 technique, which is thus hereinafter described in detail. This technique, proposed by Lumley and 11
Newman (1977) , is based on the analysis of the anisotropy tensor b ij , which is the result of 12 decomposing the Reynolds stress tensor into an isotropic and a non-isotropic term: 13 
Lumley´s theory is based on the analysis of the anisotropy tensor´s invariants. b ij has two non-null 18 independent invariants, which are (Lumley and Newman, 1977) 19
Plotting III against -II, the domain of both invariants is reduced to the interior of a curved triangle, as 22 shown in Figure 1 . The limits of this triangle define several characteristic states of the turbulence. 23
The origin of the graph (-II = 0, III = 0) corresponds to 3D isotropic turbulence, where the three 24 normal stresses are equal. The transition from 3D to 2D and/or to 1D turbulence is delimitated by 25 two characteristic types of turbulent structures: pancake-shaped turbulence corresponding to a 26 situation where two of the fluctuation components are equally distributed and with considerably 27 higher amplitude than the third; and cigar-shaped structures where two of the turbulence 28 components, and hence normal stresses values, are similar with the third component substantially 29
higher. These two types of structures of turbulence can be interpreted as transition states, the 30 former from 3D to 2D turbulence -if the lowest component vanishes -and the latter from 3D to 1D 31 turbulence -if the cigar-shaped structure is extremely stirred and becomes a line. are n fp =0.023 and n mc =0.015, respectively. The inlet section of the model simulates an existing bridge, 12 and a unique tank was used for the water supply. As for the downstream boundary condition, the 13 flow was partially obstructed with plastic panels, imposing uniform regime in the reach. 14 1 FIGURE 3. Physical model, measurement grid and curvilinear coordinate system. R: curvature radius, 2 b: main channel width. 3
Initially, water depth and tridimensional velocities were measured for three flow scenarios, including 4 bankfull flow and flooding conditions. This work analyzes the results referred to Experiments 2 and 3, 5
where water flows both, along the main channel and the floodplains. Three transverse sections, 6 carefully chosen to capture important 3D complex features of the flows, were defined to study the 7 flow before, during and after the first bend of the meander (see Figure 3 ). Section 1 is located in the 8 initial straight reach of the model, Section 2 at the first bend apex, approximately 60° after its 9 beginning, and Section 3 in the crossover region, which is the straight transition zone between the 10 bends, where the main channel and the floodplain direction are roughly orthogonal (see Figure 3 ). All 11 the results are referred to a curvilinear reference system established for each section. It is defined by 12 the main channel streamwise and transverse directions (s and n, respectively) and a vertical axis z, in 13 the opposite direction of the gravity acceleration. 14 Table 1 ). An equivalent 18 composite roughness value of Manning coefficient (n eq ) was calculated using the well-known Horton-19 Einsten method. Mean velocity was set as U s =Q/A, and the water depths were measured using 20 ultrasonic probes. As for Re and Fr, they were calculated using the mean velocity U s and an 21 equivalent water depth h e . The latter is a weighting of main channel and floodplains water depths, 22 according to their cross-sectional area. 23 24 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 The lowest measuring position is located 2 cm above the model bed and the vertical distance 12 between gates is 2 cm, with a higher resolution (0.5-1 cm) in the contact between the main channel 13 and the floodplain. Following the example of Franca et al. (2008) , a 8 cm diameter plastic housing 14 with a mylar window on the bottom was constructed to accommodate the ADV probe, allowing thus 15 to register velocities in the upper region of the flow, almost until the free surface. 16
4.
Results and discussion 17
General description of the flow 18
Flows in compound meandering channels with overbank water circulation can be described as a two 19 layer flow: a lower region from the bottom to the maximum height of the main channel, and an 20 upper layer covering the water column from the latter depth until the surface (Shiono and Muto, 21 1998) . between the two bends) is observed for both cases, caused by the increasing floodplain width. For 26 the low submergence flood (Q=35 L/s), the lower region of the flow clearly follows the direction of 27 the main channel in Sections 1 and 3, similarly to a bankfull situation (Mera, 2014) , while the 28 direction of the flow in the upper layer follows the floodplain direction. A realignment of the water 29 circulation in the channel lower layer is observed in the bend apex (Section 2) and disappears once 30 the crossover region is reached (Section 3). This is coherent with the results of Shiono and Muto 31 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 (1998) and the theory of generation, saturation and disappearing of secondary currents (Blanckaert, 1 2009; Van Balen, 2011) . 2
The magnitude of the horizontal velocity decreases in the inferior layer for Q=60 L/s. The variation of 3 the flow direction along the bend is also observed in this scenario. However, the influence of the 4 floodplain is fairly more significant, to the point that the flow follows its direction even in the lower 5 layer of Section 3. Negative streamwise velocities appear in this area, caused by the plunging and 6 recirculation of the upper flow in the main channel, as pointed by Sellin et al. (1993) for the 7 crossover region. The analysis of three velocity components in all the measurement positions -not 8 shown here, see Mera (2014) for further illustration of this-reflects flow tridimensionality, in 9 particular in the contact surfaces between the main channel and the floodplain, and shows also that 10 momentum exchange occurs in these areas. The positive core below the main channel height in Section 2 indicates that the streamwise velocity 11 in the near-surface layer is higher than in the lower one, and hence the momentum is transferred 12 towards the bottom. This core disappears after the bend, where generally negative values are .  25 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In the low submergence test a trend to cigar-shaped turbulence is observed in the low and 13 intermediate layers of the flow in Sections 1 and 2 for Q=35 L/s, whereas general tridimensional and 14 pancake structures characterize the water circulation near the surface. In Section 3 the behaviour of 15 the three flow layers is similar and the results are mostly far from the cigar-shape limit. However, 16 some differences between them can still be observed, such as the increasing level of anisotropy from 17 bottom towards the surface. 18
In the high submergence scenario, the vertical evolution of the turbulence anisotropy is less clear. 19 Some points of the surface zone approach to the cigar-shape limit in Section 1, while others 20 belonging to the interaction region appear far from it in Section 2. Again, the results are gathered 21 between the 2D and the cigar anisotropy limits, far from both of them, in Section 3. The points from 22 the intermediate and high layers of the flow fill the same region of the Lumley triangle. This indicates 23 that, in Experiment 3, the dynamics of the interaction region are similar to those of the floodplain 24 flow. 25 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 1 FIGURE 8. Distribution of the anisotropy invariants throughout the water column for the three 2 sections grouped by flow layers. 3
The vertical evolution of the anisotropy pattern and its relation to the submergence level can be 4 analyzed in detail through the results obtained for a vertical profile in the centre of Section 2 5 (spanwise coordinate n ≈ 1.1 m) for the two flooding scenarios (see Figure 9 ). In the case of low 6 submergence (Q=35 L/s), most of the profile is characterized by cigar type structures, which indicates 7 the existence of a predominant direction of the velocity fluctuation. Only some points near the 8 bottom and the surface present a general tridimensional distribution of the turbulence. For Q=60 L/s 9 the results are shifted to the left in the Lumley triangle, and hence distancing from two-dimensional 10 turbulent structures. 11 12 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 the results presented in Figure 5 , the maximum values of the shear stress in the longitudinal-10 horizontal plane are observed in the horizontal contact between the main channel and the 11 floodplain. 12 Figure 10 shows the anisotropy invariants divided by the two lateral floodplains and the central main 14 channel, for the three sections. For Q=35 L/s the distribution of turbulence in Sections 1 and 2 varies 15 from the floodplains, where some points are close to the pancake limit, to the main channel, which 16 shows a trend to the cigar-shape boundary and high anisotropy levels in some points. In Section 3 the 17 results are more concentrated, although the turbulence distribution in the main channel still shows a 18 tendency to a unidimensional structure, like the cigar-shaped. The transverse evolution of the anisotropy invariants at different depths (near-bottom, interaction 9 and near-surface zones) in Section 2 for Q=35 L/s is presented in Figure 11 . The turbulence goes from 10 a bidimensional pattern towards a general tridimensional state close to the channel bottom (z=0.020 11 m). As depth increases, different trends can be observed in the floodplains and the main channel. 12
Transverse distribution of the anisotropy invariants 13
Along the horizontal interface between both (z=0.145 m) the turbulence evolves from cigar-shaped 13 in the main channel to near-pancake structures in the right floodplain (note that velocities in the left 14 floodplain could not be measured at this depth). The dominant direction of the fluctuation in the 15 main channel structure may be defined by the income of water from the floodplain. 16
Near the surface (z=0.180 m) different trends are also observed, but in this case the turbulence in the 17 main channel shows a high level of anisotropy and does not approach to any particular spatial 18 distribution. In these points the flow is not anymore constrained by the interaction between the 19 main channel and the floodplain, and it is distributed irrespectively of the existence of a lower flow 1 layer. In the same transverse profiles for Q=60 L/s (not presented here) the structure of turbulence in 2 the main channel near the water surface, and even at z=0.145 m, is more similar to that of the 3 floodplains. This indicates that the flow is governed by the floodplain or, which is equivalent, that the 4 influence of the the main channel in the flow is not significant. Hence, the existence of a central 5 meander can be seen such as a large macro-roughness for a flow bounded and guided by the 6 floodplain limits, with little importance on mass and momentum transport. Furthermore, processes 7 related to sediment movement and mass transfer are more important in the main channel for lower 8 flooding conditions. 9
Orientation of turbulent structures 10
The objective of this section is to relate the spatial distribution of the turbulence to the 
Conclusions 7
The hydrodynamics and turbulent field along a bend of a real compound meandering channel were 8 analyzed using tridimensional velocity measurements performed on a physical scale model. Results 9 of 3D instantaneous velocity measurements made on three cross sections, carefully chosen to 10 represent important features of the flows, were analyzed in this study where a highly tridimensional 11 complex flow is observed. Two different flow relative submergences were studied, corresponding to 12 two different flooding situations. 13
Water exchange between the floodplains and the main channel generates secondary flow with 14 transversal velocity components in the main channel. The reorientation of the flow along both 15 vertical and transverse directions was observed for the different submergence cases and was more 16 relevant as the divergence between the main channel and the floodplain increased. The low 17 submergence scenario showed a combined contribution of the main channel (lower layer of the flow) 18 and the floodplain (upper layer) to the mass and momentum transport in the compound channel. For 19 the high submergence ratio, the water circulation in the floodplains dominated total flow 20 conveyance, while the main channel acted as macro-roughness that only influenced the flow near 21 the channel bottom. The varying width of the floodplains causes a deceleration of the water flow in 22 the transition between the two bends. This phenomenon was not observed in previous studies 23 referred to constant width models. The analysis of the shear stress distribution showed the 1 occurrence of momentum transfer between the main channel and the floodplain (on both 2 directions), and the generation of a shear layer in the horizontal contact between them. These 3 processes may be relevant to processes of erosion of the channel walls, and hence to morphological 4 changes of the river sections. 5
The anisotropy invariants technique proposed by Lumley and Newman (1977) was applied for the 6 characterization of the turbulent structures of the flow, as an alternative to conventional Cartesian 7 analysis. Different spatial distributions of the turbulence along the vertical direction were observed 8 for the low submergence scenario, from the so-called cigar trend in the lower part of the flow 9 towards a general 3D distribution near the surface. In the high submergence case, the patterns of the 10 intermediate area and the floodplain tend to collapse. Section 3 presented in both cases the most 11 homogeneous pattern. The high degree of tridimensionality in this area, due to the water income 12 from the floodplain to the main channel, limits the development of turbulent structures with a main 13 predominant direction. The distribution of the turbulence showed relevant changes along the 14 transverse direction. Positions in the floodplains (left and right margins) present a tendency to the 15 pancake-shaped turbulence, while those in the centre of the section approach to cigar-shaped limit. 16
These differences are smoothed for the high submergence flood. 17
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